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Group 11 Tris(pyrazolyl)methane Complexes: Structural Features 
and Catalytic Applications  
José María Muñoz-Molinaa, Tomás R. Belderraina, Pedro J. Péreza,* 
Tris(pyrazolyl)methane ligands (Tpmx) have been for years a step behind their highly popular boron-anionic analogues, the 
tris(pyrazolyl)borate ligands (Tpx). However, in the last decade the development of new members of this family of ligands 
has boosted a number of contributions in their use in coordinaton chemistry. This fact has also triggered the application of 
metal-Tpmx complexes as catalysts for a range of organic transformations, particularly with group 11 metals. The main 
structural features of TpmxM (M = Cu, Ag, Au) complexes and their success as catalysts in a variety of reactions under 
homogeneous or heterogenous conditions are presented. 
1. Introduction 
Scorpionate ligands, a name coined by Trofimenko for ligands 
containing three pyrazolyl fragments, constitute a very important 
type of N-donor tridentate ligands.1 Two main families (Figure 1) 
dominate the chemistry employing these molecules, i.e. the anionic 
tris(pyrazolyl)borates2 (Tpx) and the neutral 
tris(pyrazolyl)methanes3 (Tpmx). The synthesis of the latter was first 
described by Trofimenko,4 albeit is somewhat more intricate than 
that of the former, precluding its development until Elguero 
reported efficient preparations of several tris(pyrazolyl)alkanes in 
the 80s of the last century.5 This work propelled other groups to 
develop a second generation of ligands.6 The use of phase transfer 
reaction conditions introduced by Reger7 led to a significant 
improvement in the synthetic procedures. Since then, a number of 
contributions regarding the preparation of transition metal 
complexes bearing these Tpmx ligands as well as their use in 
catalytic reactions have increased significantly.  
This contribution provides an overview of the main structural 
features of Tpmx-complexes with coinage metals, with special 
emphasis on their steric and electronic properties which can be 
modulated by installing functional groups in the pyrazolyl rings or 
the apical carbon atom, leading to a variety of coordination modes 
of this type of ligand. Additionally, the different catalytic 
applications promoted by those complexes are discussed: a number 
of organic transformations such as carbene and nitrene transfer, 
cycloadditions, oxidation and cross-couplings will be shown. 
2. Group 11 Tris(pyrazolyl)methane Complexes: 
Structural Features 
2.1. Copper complexes 
The first examples of copper(I) complexes bearing 
tris(pyrazolyl)methane ligands (Tpmx) was reported by Reger in 
1996.8 The reaction of [Cu(NCMe)4]PF6 with equimolar amounts of a 
series of substituted Tpmx ligands gave the corresponding [{HC(R,R’-
pz)3}Cu(NCMe)]PF6 four-coordinate complexes. Their corresponding 
CO adducts [{HC(R,R’-pz)3}Cu(CO)]PF6 were prepared by reaction 
with carbon monoxide (Scheme 1). The carbonyl stretching 
frequencies (CO) of the latter complexes can be used to estimate 
Scheme 1 First copper complexes with tris(pyrazolyl)methane ligands.  
 
Table 1 Carbonyl stretching frequencies (CO) for [{HB(R,R’-pz)3}Cu(CO)] and 
[[{HC(R,R’-pz)3}Cu(CO)]+ complexes.8,9 
 
Complex (CO) 
(cm-1) 
Complex (CO) 
(cm-1) 
[{HB(Me2-pz)3}Cu(CO) 2066 [{HC(Me2-pz)3}Cu(CO)]+ 2113 
[{HB(iPr2-pz)3}Cu(CO)] 2056 [{HC(iPr2-pz)3}Cu(CO)]+, 2107 
[{HB(Ph2-pz)3}Cu(CO)] 2086 [{HC(3-Ph-pz)3}Cu(CO)]+ 2104 
[{HB(3-tBu-pz)3}Cu(CO)] 2069 [{HC(3-tBu-pz)3}Cu(CO)]+ 2100 
 
 
 
Fig. 1 Tpx and Tpmx ligands.  
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the electronic effects of the Tpmx ligands. Interestingly, those 
values are higher that the corresponding for the analogous Tpx-
containing neutral complexes9 (Table 1). This can be correlated with 
a weaker  back-bonding from the copper center to the CO ligand in 
the case of the Tpmx derivatives. 
The structures of the acetonitrile and carbonyl four-coordinate 
adducts8 ([TpmxCuL]+) are very similar to those previously reported 
for the neutral analogs, [TpxCuL] complexes.9,10 However, the 
formation of complexes with different copper-Tpmx stoichiometry 
depends on the steric influence of the trispyrazolylmethane ligand 
and the nature of the counterion. For example, when iodide ions 
are present, the steric hindrance at the 3-position of the pyrazolyl 
rings determines the structure adopted by the cationic complexes.11 
Thus, the bulky TpmMs (HC(3-Ms-pz)3) prevents the coordination of 
the iodine atom to the Cu(I) center, favoring the acetonitrile adduct 
(Fig. 2a), whereas less hindered Tpm* (HC(3,5-Me2-pz)3) or Tpm 
(HC(pz)3) ligands yield the neutral complex [Tpm*CuI] or the open-
structure complex with 1-1-0 coordination mode of the Tpm 
ligand, respectively (Fig. 2b). 
In addition, some other cationic complexes of general formula 
[TpmxCuL]X have been synthesized, with L being N,N’-
dimethylimidazole selone (dmise) and thione (dmit),12 tertiary 
monodentate phosphines (PTA = 1,3,5-triaza-7-
phosphaadamantane, PCN = tris(cyanoethyl)phosphine),13 
perchlorate,9b isocyanide,14 nitrosyl,15 nitrite,16 and cyanamides.17 
The structurally related tris(pyrazolyl)methanesulfonate (Tpmsx) 
ligand was used by Santini to synthesize the complex 
[TpmsCu(PPh3)] (Tpms = O3SC(pz)3) as the first example of the 3-
N,N,O coordination mode of Tpmsx ligands.18 Shortly after, Kläui 
reported the adducts [TpmsCu(CO)] and [TpmstBuCu(CO)] (TpmstBu = 
O3SC(3-tBu-pz)3).19 In solution, both N,N,N and N,N,O coordination 
modes are present. In the case of [TpmstBuCu(CO)], the Cs-
symmetrical isomer is favorable, whereas the N,N,N coordination 
mode (C3v) is preferred in the case of [TpmsCu(CO)] (Scheme 2). The 
different behaviour of the TpmstBu ligand was explained as the 
result of the repulsion between the tert-butyl groups and the 
carbonyl ligand. The CO of the latter complexes were determined in 
the solid state. The anionic Tpmsx ligands are stronger donors 
compared to the neutral Tpmx ligands, although they are weaker 
donors than the Tpx ligands. 
More recently, Pombeiro described a series of copper(I) 
complexes bearing the ligand TpmsPh (O3SC(3-Ph-pz)3).20 They found 
that the aforementioned tripodal coordination flexibility of the 
ligand toward the copper atom depends not only on the steric 
factors, but also on the electronic preferences of the metal center. 
Thus, complexes containing N-donor ancillary ligands (i.e. 
acetonitrile) with a stronger electron-donor ability display the 3-
N,N,O coordination mode, whereas those complexes bearing 
ligands with a π-acceptor character (i.e. phosphines) tend to adopt 
the 3-N,N,N capping coordination. 
A variety of Cu(II) complexes have been described since the 
complexes [TpmCuX2] (X = Cl or Br) were reported by Mesubi and 
Anumba in 1985.21 The reaction between copper(II) salts and an 
excess of the Tpm ligand yields complexes of general formula 
[TpmxCuX2], [TpmxCuX]X, [{CuX2}3(Tpmx)2] or [(Tpmx)2Cu]X2.22 
Pettinari worked on the synthesis a wide range of [TpmCuII] 
complexes, using different copper(II) salts CuX2 (X = ClO4, NO3, Cl, Br 
or CH3COO) and varying the position and the number of methyl 
substituents on the pyrazol rings: HC(pz)3, HC(4-Me-pz)3, HC(3,5-
Me2-pz)3, HC(3,4,5-Me3-pz)3 or HC(3-Me-pz)2(5-Me-pz). They found 
that the metal to ligand stoichiometry depends on the steric bulk of 
the ligand and mainly on the nature of the counterion X.23 For 
instance, the reaction of CuBr2 with the Tpm ligand gives the 
complex [TpmCuBr2], with a 1:1 ligand to metal stoichiometry 
regardless the reaction conditions and the metal to ligand ratio 
employed. In the case of methyl substituted Tpmx ligands, the 
 
 
Scheme 2. Equilibrium between the N,N,N mode (C3v) and the N,N,O mode (Cs) (R 
= H, tBu), and the CO values (cm-1) of carbonyl-copper(I) complexes. 
 
 
Scheme 3 Structures of the 1:1 and 2:1 Tpmx-bromide copper(II) complexes. 
 
 
Fig. 2. Structures of Tpmx-copper(I) complexes. 
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formation of complexes [(Tpmx)2Cu]X2 seems the preferential route 
(Scheme 3). 
A Cu(II) -peroxo complex [(Tpm*)2Cu2(-O)2](PF6)2 can be 
prepared from [Tpm*Cu(NCMe)]PF6 and dioxygen.24 This compound 
undergoes thermal decomposition to afford the di--hydroxo 
complex [(Tpm*)2Cu2(-OH)2](PF6)2. In addition, the reaction of the 
similar dinuclear complex [(TpmiPr2)2Cu2(-OH)2] (TpmiPr2 = HC(3,5-
iPr2-pz)3) with hydrazine yields the [(TpmiPr2)2Cu2(-RN=NR)] 
complex.25 
Pombeiro have also reported Cu(II) complexes with 
tris(pyrazolyl)methanesulfonate ligands.20b The reaction of the 
lithium salt Li[TpmsPh] with CuCl2 yields the complex 
[CuCl(TpmsPh)(H2O)], which exhibit the 3-N,N,O coordination 
mode. 
 
2.2. Silver complexes 
The coordination chemistry of silver with tris(pyrazolyl)methane 
ligands started with the pioneer work of Lobbia in 1989.26 The 
subsequent work of Reger and co-workers described the synthesis 
and structure of series of cationic tris(pyrazolyl)methane silver(I) 
complexes.27 The fine-tuning of steric properties of Tpmx ligands 
allows the preparation of complexes with different structure 
around the silver center. Thus, they obtained a six-coordinated 
[(Tpm*)2Ag]O3SCF3 complex with the ligand HC(3,5-Me2pz)3, 
whereas the bulkier HC(3-tBupz)3 gives rise to the formation of the 
three-coordinated [TpmtBuAg]O3SCF3 complex. The reaction of the 
latter with tBuNC or CO affords the complexes 
[TpmtBuAg(CNtBu)]O3SCF3 and [TpmtBuAg(CO)]O3SCF3, respectively, 
although the carbonyl adduct could not be isolated (Fig. 3). A few 
years later, Pettinari reported the preparation of a variety of 
[TpmxAg(I)] complexes by the reaction of AgX salts (X = ClO4, NO3 or 
SO3CH3) with Tpmx ligands L (Tpmx = HC(pz)3, HC(4-Me-pz)3, HC(3,5-
Me2-pz)3, HC(3,4,5-Me3-pz)3 or HC(3-Me-pz)2(5-Me-pz). They found 
that the nuclearity depended not only on the steric hindrance of the 
neutral ligand but also on the counterion X.28 
The singular coordination chemistry of silver with 
tris(pyrazolyl)methane is not limited to the 3 (tripodal) 
coordination fashion. The 2-0 mode, with only two pyrazolyl rings 
bonded to silver center, and the 2-1 mode, in which the ligand 
acts as a bridge between two metals, are also observed by Tpmx-
silver complexes (Fig. 4). 
An extensive work in this field has been done as well as recently 
reviewed by Reger and Semeniuc.29 They have synthetized several 
polynuclear silver complexes in which the Tpmx ligands are 
connected via the apical carbon atom through linkers of variable 
size in both, 2-0 or 2-1 coordination modes.30,31 Following this 
methodology, a wide variety of supramolecular structures have 
been synthesized including coordination polymers with interest as 
functional materials. The coordination environment around the 
metallic centers is determined by the nature of the ligand, the 
counterion, and the solvent. For example, the 2-1 bonding mode 
is adopted in the coordination polymer shown in Fig. 5a, whilst the 
2-0 coordination fashion is preferred when a more hindered 
linker is used to connect both Tpm units (Fig. 5b). 
Finally, the group of Gardinier has recently reported the 
synthesis of a new family of silver(I) complexes bearing “nitrogen-
confused” C-scorpionate ligands (xL).32 This class of ligands contains 
one pyrazolyl ring bounded to the apical carbon atom through a 
carbon atom rather than a nitrogen atom (Scheme 4). The 
electronic and steric influence of the ligand on the metal center can 
be tuned by pyrazolyl substituents R and X. The latter facilitate 
supramolecular aggregation processes, crystallization, and 
reactions. A variety of 1:1 and 2:1 ligand to silver ratio complexes 
has been synthetized, with four different xL ligands (HL, TsL, HL*, TsL*). 
The solid structure of those complexes shows different coordination 
modes (3, 2-0, 2-1) depending of the nature of the X and R 
substituents, as well as the ligand to metal ratio. 
 
 
 
Fig. 3. Structures of six-, four-, and three-coordinated tris(pyrazolyl)methane 
silver(I) complexes. 
 
 
Fig. 5. (a) 2-1 and (b) 2-0 coordination modes of polynuclear 
tris(pyrazolyl)methane silver(I) complexes. 
 
 
Fig. 4. Coordination modes of silver tris(pyrazolyl)methane complexes. 
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2.3. Gold complexes 
The scarcity of gold complexes bearing Tpmx ligands is even more 
pronounced than the case of Tpx counterparts.2 In 1982, Canty et al. 
described33 the synthesis of the complex [(2-Tpm)AuMe2]NO3, 
which has been the only reported example of this family of 
compounds until recently. Thus, Martins and coworkers have 
prepared functionalized Tpmx ligands, which led to the formation of 
analogous gold(III) complexes of formula [{2-RC(3,5-R′2-
pz)3}AuCl2]Cl (R = R′ =H; R = CH2OH, R′ =H; and R = H, R′ = 3,5-Me2).34 
All these complexes exhibit a square-planar geometry, with a 2-0 
coordination mode (Scheme 5). These complexes were used for the 
oxidation of cyclohexane under homogeneous and heterogeneous 
conditions, as will be commented in section 3.3. 
3. Group 11 Tris(pyrazolyl)methane Complexes in 
Catalytic Transformations 
3.1. Carbene and nitrene transfer reactions 
Cationic [TpmxCuL]X complexes are very efficient catalysts for the 
insertion of the :CHCO2Et unit from N2CHCO2Et (EDA) into N-H, O-H, 
and C-H bonds,35 as well as olefin cyclopropanation and alkyne 
cyclopropenation.36 They are also highly active for the nitrene 
transfer from chloramine-T to alkenes and cyclic ethers.37 However, 
a comparison between the catalytic activity of complexes [TpmxCu] 
and [TpxCu] in the functionalization of C-H bonds shows a better 
performance in the case of neutral counterparts.2 This difference is 
attributed to a higher electrophilic character at the metal center 
coordinated to anionic Tpx ligands, resulting in a more active 
catalyst. 
The electronic factors at the metal center can be modified by 
installing substituent of different nature in the pyrazol rings. Our 
group described the synthesis of new mesityl-substituted TpmMs 
and TpmMs* (HC(3-Ms-pz)2(5-Ms-pz)) ligands and the corresponding 
copper complexes [TpmMsCu(NCMe)]PF6 or 
[TpmMs*Cu(NCMe)]PF6,35 which displayed catalytic activity toward 
the conversion of cyclohexane into ethyl cyclohexylacetate superior 
to that of the Tpm* derivative (Table 2,entries 1-3).36 Steric factors 
exert a certain influence in the catalytic reaction. Thus, a subtle 
difference in structure of the Tpmx ligand facilitated a better 
performance for the carbene transfer into hindered C-H bonds. 
 
 
Scheme 4. Solid state structures of 1:1 and 2:1 xL/Ag(OTf) complexes. 
 
 
 
Scheme 5. Tpmx-gold(III) complexes. 
Table 2. Carbene transfer reaction from ethyl diazoacetate (EDA) to C-H bonds 
with [TpmxCu(NCMe)]PF6 complexes as catalyst. 
 
Entry Complex Substrate Product Yield (%) 
1 [Tpm*Cu(MeCN)]PF6 
  
30 
2 [TpmMsCu(MeCN)]PF6 77 
3 [TpmMs*Cu(MeCN)]PF6 73 
4 [TpmMsCu(MeCN)]PF6 
  
10 
5 [TpmMs*Cu(MeCN)]PF6 40 
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Thus, the catalyst containing the ligand TpmMs* shows higher 
catalytic activity (40%) than that with TpmMs (10%) for the 
conversion of 2,3-dimethylbutane into ethyl 3,3,4-
trimethylpentanoate (Table 2, entries 4-5). This result is attributed 
to a wider catalytic pocket in the case of the complex 
[TpmMs*Cu(MeCN)]PF6, that tolerates the approach of sterically 
demanding substrates to the metal center. On the other hand, the 
cationic nature of [TpmxCu(I)] complexes allows performing these 
transformations in either homogeneous or biphasic conditions. The 
ionic liquid [bmim]PF6 (bmim = 1-n-butyl-3-methylimidazolium) 
together with hexane constitute the biphasic reaction medium. The 
results obtained thereby in the reaction of EDA with styrene, 1-
phenyl-1-propyne, aniline, ethanol, or cyclohexane, using 
[Tpm*Cu(NCMe)]PF6 as catalyst, compare well with those 
performed in homogeneous conditions (Table 3). 36 
The biphasic methodology facilitates the separation of products 
and the recycle of the catalyst several times without substantial loss 
of the catalytic activity. Thus, the conversion of the reactions 
indicated in Table 3 (entries 1,3-4) were maintained over five 
consecutive cycles (93-98%). Interestingly, the recovered ionic 
liquids-catalyst phase can be stored under nitrogen at 0 °C for 
several weeks and then employed for these transformations with 
the same outcome. Moreover, the recycling efficiency, as well as 
the catalytic activity, can be optimized by fine-tuning the structure 
of the Tpmx ligand. For example, the best result for the aziridination 
of styrene (Scheme 6) using different [TpmxCu]-based catalysts 
under biphasic conditions was obtained with the complex 
[Tpm*,BrCu(NCMe)]BF4 (Tpm*,Br = HC(3,5-Me2-4-Br-pz)3).37  
A different approach to recover the catalyst and reuse it after 
each cycle is catalyst heterogenization. Thus, tris(pyrazolyl)borate 
ligands have been supported on a variety of materials.38 For 
example, TpxCu-containing complexes were installed on silica gel39 
and polymers;40 and used as heterogeneous catalysts for carbene 
and nitrene transfer reactions. However, the heterogenization of 
group 11 Tpmx complexes remains relatively unexplored to date; 
only TpmxCuII- and TpmxAuIII- complexes have been supported in 
silica nanoparticles41 and carbon materials,34 respectively. These 
materials have been used as heterogeneous catalysts for the 
oxidation of cyclohexane see section 3.3). 
Very recently, Dincă has reported the first example of the 
installation of a [TpmxCu] moiety in metal-organic frameworks 
(MOFs).42 This methodology provides well-defined materials with 
site-isolated metal centers; and overcomes the difficult control of 
the active sites of heterogeneous materials mentioned before. The 
reaction of TpmC* ligand (TpmC* = HC(3,5-Me2-4-CO2H-pz)3), 
ZrOCl2, and CuI gives a new MOF containing [TpmC*CuI] sites. 
Further processes of demetalation and remetalation yields a 
catalytically active MOF with retention of crystallinity and porosity 
(Scheme 7).  
This MOF with a cationic TpmxCu-like environment 
demonstrated a remarkable catalytic activity. Thus, the 
cyclopropanation of styrene proceeded in 95%; a result comparable 
to homogeneous [TpmxCu] complexes; and moreover, the carbene 
insertion into C-H bonds in cyclohexane produced ethyl 
cyclohexylacetate in 67% yield, surpassing the 30% yield reported 
for the molecular counterpart under similar conditions.36 
The use of silver complexes with Tpmx ligands as catalysts is 
very reduced: the reaction of styrene with N-tosylamine and 
 
 
 
Scheme 6. Plot of the conversion vs. number of cycles for the aziridination of 
styrene with chloramine-T catalyzed by [TpmxCu(NCMe)]BF4 complexes. 
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Table 3. Carbene transfer reaction from ethyl diazoacetate (EDA) with 
[Tpm*Cu(NCMe)]PF6 as the catalyst under homogeneous or biphasic conditions 
 
 
Entry Substrate Product 
Homog., 
yield (%) 
Biphasic, 
yield (%) 
1 
  
96 95 
2  
 
80 77 
3 
  
99 96 
4   99 98 
5 
  
30 35 
 
 
 
 
Scheme 7. Synthesis of MOF with TpmC* and subsequent 
demetalation/metalation process. 
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PhI(OAc)2 has been reported very recently with such compounds as 
catalysts with a “nitrogen-confused” C-scorpionate ligands (xL) as 
catalyst.32 The complexes [(TsL*)2Ag]OTf and [(TsL*)AgOTf] induced 
the expected aziridination reaction, albeit with modest yields (27% 
and 18%, respectively).  
 
3.2. Cycloadditions of azides and alkynes 
The [3+2] cycloadditions reactions between alkynes and azides can 
be efficiently catalyzed by cationic [TpmxCu(I)] complexes. Our 
group has reported the reaction of terminal alkynes with N-
sulfonylazides catalyzed by this family of complexes under mild 
conditions.43 The versatility of Tpmx ligands within copper 
complexes allowed the synthesis of 4-substituted N-1-sulfonyl-
1,2,3-triazoles; the complex [Tpm*,BrCu(NCMe)]BF4 was found as the 
most active of the array tested (Scheme 8a). In this context, a novel 
transformation was discovered while studying the reaction of 1-
akynes with acyl azides, resulting in the formation of 2,5-
disubtituted oxazoles as the major product, along with 2,4,5-
trisubtituted oxazoles and RC(O)NH2 as minor products (Scheme 
8b).44 The subsequent mechanistic studies suggested that the 
reaction proceeds via coordination of the carbonyl azide to the 
metal, followed by nitrogen extrusion and the formation of copper-
nitrene intermediates as the turnover-limiting step.45 In a related 
procedure, Pombeiro has recently developed a methodology for the 
three-component reaction of terminal alkynes, benzyl bromide and 
sodium azide. Both the reaction medium (MeOH/H2O) as well as the 
[(Tpm*)2Cu]BF4 catalyst played an important role to achieve the 
synthesis 4-substituted N-1-benzyl-1,2,3-triazoles in high yields 
(Scheme 8c).46 
 
3.3. Oxidation reactions 
In the context of Csp3-H oxidation processes, which occur in copper 
metalloenzymes, several derivatives of tris(pyrazolyl)methane 
copper complexes haven been designed to mimic the active sites of 
such compounds, and to achieve efficient and highly selective 
oxidation of alkanes.47 The first example was reported in 1999 by 
Llobet and Costas.48 The complex [TpmCu(py)]ClO4 (5 mol%), t-
BuOOH, and molecular oxygen (1 atm) oxidizes ethylbenzene to 
acetophenone in 32% yield at room temperature. The oxidation of 
cyclohexane to cyclohexanol and cyclohexanone, which is a process 
of high interest in the industrial production of nylon-6 and nylon-
6,6’, was investigated by Pombeiro and co-workers. This group 
evaluated the catalytic performance of several 
tris(pyrazolyl)methane copper(II) complexes in this reaction 
(Scheme 9). First, the [TpmCuCl2] complex displayed a modest 
turnover number (TON, mol products/mol catalyst) of 43 under 
mild conditions (at 20 °C and using an aqueous solution of H2O2).49 
As expected, the catalytic activity was even lower for the complex 
[(Tpm)2Cu]Cl2 (TON of 18), demonstrating the importance of labile 
monodentate ligands to promote coordination vacancies in the 
metal center. The [TpmSO3CuCl] complex was also employed as 
catalyst and did not improve the previous results, with a TON of 32.  
The same group described two functionalized 
tris(pyrazolyl)methane copper(II) complexes by introducing a 
methoxy or methyl methanesulfonic ester group in the ligand 
backbone.50 The water-soluble complexes [{HOCH2C(pz)3}CuCl2] and 
[{MeO2SOCH2C(pz)3}CuCl2]2 were also tested as catalyst for the 
oxidation of cyclohexane (Scheme 9). The latter showed the higher 
activity (in MeCN/H2O) with a TON of 186 and a remarkable alcohol 
to ketone ratio of 14.5. The hydrophilicity of those complexes 
allows operating in pure aqueous media, which is desirable towards 
greener oxidation process, although TONs dropped to 18 and 23, 
respectively. 
The same authors reported a six-coordinated cationic copper(II) 
complex as catalyst for the oxidation of cyclooctane (Scheme 10).51 
In this full-sandwich complex the ligands are sufficiently labile, and 
the reaction proceeds efficiently in water/acetonitrile at 60 °C with 
yields up to 27%. Moreover, the authors found a beneficial effect of 
additives, such as HNO3, on the yield; probably related with ligand 
protonation leading to vacant coordination sites at the metal center 
and proton-transfer processes over the catalytic cycle. 
 
 
Scheme 8. Cycloaddition reactions of 1-alkynes with (a) sulfonyl azides; (b) acyl 
azides; (c) benzyl bromide and sodium azide catalyzed by Tpm-copper complexes. 
 
 
Scheme 9. Catalytic activity of tris(pyrazolyl)methane copper(II) complexes in the 
oxidation of cyclohexane. 
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As previously commented, the oxidation of cyclohexane has 
been accomplished using supported tris(pyrazolyl)methane 
complexes as heterogeneous catalysts. Mishra prepared 
functionalized silica nanoparticles with [{HOCH2C(pz)3}CuCl2] 
complex anchored (Scheme 11).41 This compound catalyzed the 
oxidation of cyclohexane to cyclohexanol and cyclohexanone with 
molecular oxygen with a remarkable activity (TON of 1216 with 
overall yield of 13.7%). They also observed 85% selectivity toward 
cyclohexanol. Interestingly, the catalytic system is thermally stable 
under operating reaction temperature (150 °C) and reusable up to 
five more cycles. 
Martins and co-workers synthetized a series of gold(III) 
complexes, commented in section 2.3. These compounds were used 
as catalyst for the oxidation of cyclohexane to cyclohexanol and 
cyclohexanone, with aqueous H2O2, under homogeneous and 
heterogeneous conditions.34 In the latter case, the [(2-Tpmx)Au(III)] 
complexes were supported on different carbon materials (carbon 
xerogel, activated carbon or multi-walled carbon nanotubes). The 
most efficient catalyst was the complex [{2-HOCH2C(pz)3}AuCl2]Cl, 
which in homogeneous conditions achieved 10% yield with a TON of 
300, and 16% yield with a TON of 800 for the heterogeneous 
homogeneous process. 
 
3.4. Other reactions 
The [TpmxCu(I)] complexes can be used as efficient catalyst for C-N 
and C-S bond formation cross-couplings reactions. Our group 
reported that N- and S-arylation reactions can be achieved using 
the complex [Tpm*CuI] as catalyst.11 First, the coupling of 
substituted aryl iodides with 2-pyrrolidinone was investigated, the 
protocol being also extended to the coupling of substituted aryl 
iodides with thiophenol (Scheme 12). A variety of C-N and C-S 
coupling products were obtained with efficiencies similar to those 
described for mixtures of CuI and tridentate ligands.  
Pombeiro reported that tris(pyrazolyl)methanesulfonate copper 
complexes can be used as catalyst for the Henry reaction, 52 testing 
the reaction of benzaldehyde with nitroethane in the presence of 
the complex [CuCl(TpmsPh)(H2O)] as catalyst. The nitroaldol reaction 
yields a mixture of the corresponding -nitroalcohol 
diastereoisomers, and the Cu(II) complex exhibit a good catalytic 
activity with yields up to 99%, although with a modest 
diastereoselectivity (Scheme 13). 
Conclusions 
The coordination chemistry of tris(pyrazolyl)methane ligands 
with Group 11 metals have been substantially developed in the 
last two decades. These versatile N-donor ligands stabilize the 
metal center and control the steric and electronic properties 
depending of the nature of substituents. Their flexibility allows 
the formation of a wide range of complexes with different 
coordination modes. 
A key feature of Tpmx ligands is the possibility of backbone 
modification. It is shown that the solubility in water can be 
improved by attaching polar substituents in the apical carbon. 
Additional donor groups can be also installed in order to 
further extend the coordination ability of the ligand; as is the 
case of tris(pyrazolyl)methanesulfonates (Tpmsx), with an 
oxygen atom also available as a donor group. Moreover, 
backbone modification or decoration of pyrazol rings with the 
suitable substituents can be harnessed for catalyst 
heterogenization or installation of a Tpmx-metal moiety into 
metal-organic frameworks, respectively. 
 
 
Scheme 10. Peroxidative oxidation of cyclooctane catalyzed by full-sandwich 
copper(II) homoscorpionate complex. 
 
 
Scheme 11. Oxidation of cyclohexane with molecular oxygen catalyzed by tris(1-
pyrazolyl)ethanol Cu(II) complex anchored in silica nanoparticles (SiNPs). 
 
 
Scheme 12. Arylation of 2-pyrrolidinone and thiophenol in the presence of the 
complex [Tpm*CuI] as catalyst. 
 
 
Scheme 13. Catalytic activity of [CuCl(TpmsPh)(H2O)] in the Henry reaction. 
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The cationic nature of Tpmx complexes allows performing 
catalytic organic transformations in biphasic reaction medium 
of an ionic liquid and hydrocarbon. Separation of the products 
can be easily performed, as well as the catalyst-recycling 
process that can be achieved several times without any loss of 
the catalytic activity. 
Overall, the versatile design of Tpmx ligands, and their 
metal complexes, offers the possibility to explore a variety of 
interesting catalytic applications, which, in some cases, cannot 
be addressed by the homologous tris(pyrazolyl)borates. Thus, 
further progress is needed in terms of synthetic procedures 
and novel catalytic transformations of these family of ligands. 
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